Thermodynamic model of the compaction of powder materials by shock waves by Dijken, D. K. & de Hosson, J. Th. M.
  
 University of Groningen
Thermodynamic model of the compaction of powder materials by shock waves
Dijken, D. K.; de Hosson, J. Th. M.
Published in:
Journal of Applied Physics
DOI:
10.1063/1.355885
IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
1994
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Dijken, D. K., & de Hosson, J. T. M. (1994). Thermodynamic model of the compaction of powder materials
by shock waves. Journal of Applied Physics, 75(1), 203-209. https://doi.org/10.1063/1.355885
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.
Download date: 12-11-2019
Thermodynamic model of the compaction of powder materials 
by shock waves 
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Department of Applied PIzysic.sp Zernike Corn&r, University of Groningen, Nijenborgh 4, 
3747 AG Groningen, T&z Netherkmds 
(Received 2g April 1993; accepted for publication 23 September 1993) 
For powder materials a model is proposed to predict the mean temperature behind the shock 
wave> the rat.io between the increase of thermal energy and increase of total internal energy, as 
well as the mean final temperature after release of adiabatic pressure. Further, the change of 
pressure? specific volume, and the internal energy behind the shock wave are calculated together 
with the shock-wave velocity. All these variables are supposed to depend exclusively on flyer 
plate velocity, initial powder density, and initial powder temperature. The ratio between the 
increase of thermal energy and increase of total internal energy decreases rapidly upon 
dtvseasing initial powder density, resulting in a higher shock temperature and a lower shock 
pressure; therefore, a lower initial powder density results in a better bonding between the 
particles and fewer cracks after pressure release. Calculations are carried out for copper and 
agree fairly well with experiments. 
1. INTRODUCTION 
In the compaction of powder material by shock waves 
there are three principal parameters affecting its perfor- 
mance: These are the particle or flyer plate velocity, which 
is msinly determined by the detonation velocity and the 
amount of the explosives useds the initial specific volume of 
the powder to be compacted2 and the initial powder tem- 
perature. Other important parameters are the particle 
grain size and the duration of the shock pressure, which is 
mainly determined by the size of the experiment. Finally, 
the compacted powder material, still at pressure, contains 
both adiabatic compressive energy and thermal energy. 
The adiabatic part has to be transmitted to the surrounding 
material (flyer plate, canning material) since otherwise ex- 
tensive cracking may still occur. 
Depending on the materials qualities and the demands 
of the compactor, the principal parameters have to be ad- 
justed to optimum values. In order to get crack-free well- 
sintered material, the adjustment should be a high flyer 
plate velocity and highly porous mat.erial, i.e., the adiabatic 
compressive energy is transformed to thermal energy al- 
ready during the compaction process, which results in 
fewer cracks after pressure release. Further, the grain size 
should not be too small, i.e., the thermal energy is mainly 
deposited in the surface. In that case the surfaces of grains 
become hotter and it favors the sintering process. In addi- 
tion, the initial temperature should be above room temper- 
ature resulting in a higher temperature behind the shock 
wave, leading to a better sintering process of the material. 
Next, the batches should be large and thick by which the 
material may remain for a longer time at high pressure and 
at high temperature. Finally, a strong and heavy canning 
material should be applied since the canning material will 
absorb the adiabatic compressive energy during pressure 
release. 
Since the 1960s various approaches have been followed 
in describing the shock-wave equation of state (EOS) of 
powder materials. Roughly speaking, modeling was done 
in two different ways: i.e., semiempirically, using quasi- 
static powder compaction models’-s and purely 
theoretically.“’ * Except for Ref. 11, these theoretical mod- 
els adopt the Mie-Grfineisen EOS, which relates the 
change in internal energy to the change in pressure at con- 
stant specific volume: dE= V’@/I( V). In the following a 
novel model is worked out, particularly devoted to powder 
materials research. 
II. BASIC CONCEPTS 
A. Shock waves in powder materials 
By performing flyer plate impact experiments on a 
powder material there are three principle adjustable pro- 
cess parameters: the flyer plate velocity lip, the initial pow- 
der specific volume VW, and the initial powder tempera- 
ture Ti. 
For solid material the shock-wave process is schemat- 
ically depicted in Fig. 1 (a). Figure 1 (b) shows what hap- 
pens to a powder material during shock-wave compaction. 
The powder is represented by separate infinite thin mate- 
rial plates. When the first plate collapses on the shock front 
it behaves exactly like a solid material. Since there is some 
space left between the iirst and the second material plate, 
the first plate, after being compact.ed, starts to expand. Its 
compressive energy is transformed into inter& kinetic en- 
ergy. Then, more plates collide leaving the first plate oscil- 
lating between the flyer plate and the second plate. This 
goes on until all its int.ernal kinetic energy is transformed 
to random thermal energy, in principle raising the temper- 
ature. Finally the first flyer plate is “locked” in its final 
specific volume. For material with a higher Vim, behind the 
shock wave, more compressive energy is transformed to 
thermal energy. At first instance this transformation step 
does not take place in solid material. During pressure re- 
lease the (remaining) compressive energy part may be 
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FIG. 1. (a) A rigid flyer p late impacts onto a solid or powder material. 
III 
Area I is the flyerplate, area II is the compacted powder or solid material, 
and area III is the uncompacted powder or solid material at rest. (b) The 
powder is represented by separate solid plates collapsing sequentially on 
the shock wave front. 
transformed as well as transferred to the surrounding ma- 
terial. 
The following shock-wave parameters have to be cal- 
culated as a function of these three variables: the pressure 
P, specific volume V, and internal energy increase E-E,. 
The latter is the sum of adiabatic compressive energy in- 
crease EC plus thermal energy increase ET. Further the 
shock-wave velocity Cr, has to be calculated as well as the 
temperature T and the fmal temperature T,. after adiabatic 
pressure release. All the variables are displayed in up vs D 
maps, where D is the initial density, D== VJV,. 
In order to derive EOS for shock-wave compacting 
solid and powder material, the following four assumptions 
are made. 
(a) It is assumed that compaction of a powder at zero 
pressure quasistatically from Voo to the solid specific vol- 
ume V0 does not cost any energy, so that &$=I&. 
(b) Behind the shock wave there are no voids present, 
i.e., the material is completely compacted. 
(c) The increase in internal energy is equally distrib- 
uted inside the compacted material. This implies that the 
pressure and the temperature fields are uniform. In princi- 
ple this only holds for ultrafine powders since the exterior 
free surfaces of the grains become warmer than the interior 
of the grain’s interior. Basic heat conductance calculations 
show that cooling rates can easily exceed IO’” “C/s. There- 
fore, the temperature field can be regarded as uniform. 
(d) There are no volume or energy changes due to 
deformations or phase transformations. 
MS0 a094 M98 0.102 a105 of10 O.llL 0.118 
Spaclf IC volume 110s3m3/Kg 1 
FIG. 2. Calculated Hugoniot, equienergy curve, quasistatic reversible 
adiabat, and isotherm. 
6. Shock-wave equations of state for solid and 
powder material 
For solid material the Rankine-Hugoniot shock-wave 
EOS for mass, momentum, and internal energy is given 
by,’ writing Vj==- r/,, 
Mass: 




SE=E-I?,=$ u;. (3) 
Combining Eqs. ( 1 ), (2)) and (3) leads to the equation 
E-Eo=~ P( Vi- V). (4) 
The powder material shock-wave EOS are obtained by 
writing Vi/i= Voo and E-Eo=E-Em , as derived in Ref. 
12. Since Eq. (3) holds for both solid and powder material, 
t.he increase in internal energy is exactly the same for solid 
and powder material, and depends only on 14~. Therefore, 
the final (P, V) state point of the powder material lies on 
the equienergy curve, (Fig. 2). For powder of (VW-+ Vu;) 
or (D+ 1 j the (P, V) point lies close to point a. For pow- 
der of (V,-X) or (D-0) the (P, V) state point lies 
close to point b. 
Recall that the work done by the flyer plate per kg of 
compressed material initially at rest is ~5 in which !u; per 
kg is converted into the internal energy of the compressed 
qaterial and 4~: per kg is convert.ed into the kinetic energy. 
Here it is assumed that we are dealing with flyer plate of 
infinite mass and infinite stiffness (see also Ref. 2). With 
Eqs. ( i)-( 3) the P,V state points of the powder can be 
related to the P,V state points of the solid. 
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C. Solid system 
The three conservation relations Eqs. ( 1 )-( 3) contain 
four unk~mw variables E, P, V, and U,. One more rela- 
tion between any two variables is necessary. 
For solid and powder materials U, can be measured at 
different values of zcl~ .‘,13 For solid material it is empirically 
known that the relationship between LJ9 and 11~ is always 
nearly linear, i.e., Us=C+St~,,, where C is approximately 
the zero pressure sound velocity and 5’ is a constant. Com- 
bining Eqs. ( I ) and (2) wit.1~ the linear relationship of U, 
with 1~~ leads to an expression for the pressure behind the 
shock wave: 
C;“C V,= V-$1 
h==fi;~s( I..;- r:,)]” ) (5) 
which describes the solid Hugoniot which is the locus of 
the fimal shock state, but not the thermodynamic path fol- 
lowed by the material. The Hugoniot is an adiabat, neither 
an isotherm nor an isentrope. The actual thermodynamic 
path followed is a straight line from the initial to the final 
state, called the Rayleigh line.‘” 
D. Equienergy curve, adiabat, and isotherm 
I’n Fig. 2 a calcutidtcd c&energy curve, a quasistatic 
reversible adiabat, and an isotherm are depicted. 
A material is compressed [released) adiabatically 
when the material is thermally isolated during the com- 
pression (reletise) process. The process is irreversibly adi- 
abatic when some fraction of compressive energy is trans- 
formed to thermal energy, as in any shock compaction 
process. Both EC and E1+ increase with increasing pressure. 
An adiabatic process is called quasistatic reversible when 
all compressive energy can be recovered during pressure 
release. EC- increases with increasing pressure while Er re- 
mains constant. 
In point ib), P==O, (SP/rSV)~I=&P~~l~, where K, is 
the adiabatic bulk modulus. With increasing pressure the 
temperature increases as well. The reversible adiabatic en- 
ergy increases by 
. 
E= J P c-iv. (6) 
In the P.V plane the equienergy curve connects all points 
of equal internal energy. In point b, P=O, 
(M.4 V)E=K,Y,p2.-o, the same as for the adiabat. With in- 
creasing pressure, the increase of EC. equals the decrease of 
ET. Since the energy of equienergy curve remains constant, 
starting in b the pressure on the reversible adiabat is always 
higher. 
For an isotherm in point b, P=O, (c~P/SV)~=K~.,~=~, 
where Ir’,> is the isothermal bulk modulus. Since KT<& 
for every (I: V), starting from b the pressure on the qua- 
sistat.ir reversible adiabat is always higher, whereas the 
temperature on the adiabat is inc.reasing. At small pres- 
sures, upon increasing the pressure, the increase in EC is 
smaller than the decrease of ET, resulting in a decrease of 
E-E;,. However, when the pressure increases approxi- 
mately beyond c, the increase in 22, becomes larger than the 
“c y .a “0 vtll 
‘spaclfic ~oIu,ne fkgim3) 
FIG. 3. Schematic representation for calculating the internal energy in- 
crease (E-E,,) of (P, L’) state points with respect to (PO, V,,), in the area 
for Y-r P; and Y:, FO. 
decrease in ET. This means (Fig. 2, starting from b be- 
tween b and c, (SP/S V) r < (M/S V),. At point c and 
point c’, (SP/S V) E,&= (W/S V) yT,c. Beyond c, 
(SP/S V) T > (SP/S V) E. On the equienergy curve the tem- 
perature decreases from b to c’, whereas the temperature 
increases from c’ to a. 
III. CALCULATIONS 
The principally adjustable process parameters in pow- 
der compaction experiments are uP, V,, and Tie There- 
fore, all other shock-wave parameters have to be deter- 
mined as a function of these three parameters, or 
[P,C’,E- E,,U,,T,Tf,ET/(E-~~:;,)] as a function of up, 
V,, and Ti has to be det.ermined. At first Ti is taken equal 
to T,=T,=293 K. 
First, (P, V>E-E,,U,$) as a function of LcP, V,, and To 
is calculated since it is independent of T, Tf, and 
E,/(E- E,). The individual parameters are depicted in 
separate uP vs D maps, where .D is the density ratio, i.e., 
D=V,/V,,. Second, [T,Tf, E,/(E-E,J] as a function 
of up, VW, and r, is calculated. These individual param- 
eters are depicted as well in separate up vs D maps. 
A. Calculation of (P,V,E-E,,U,)=F(u,,V,,,T,) 
For plotting t.he variables in 14~ vs D maps, different 
calculation procedures are required, sometimes making a 
numerical calculation necessary. Therefore, (E--E,,,uP, 
U,, V,,) = F(P, V), which can be solved analytically, is cal- 
culated first, indicating the relations among the necessary 
basic formulas. 
Suppose a powder is shock compacted to a pressure P 
and a volume V (Fig. 3). Its int.ernal energy increases with 
respect to (PO, VN) and so (PO, VO), assumption a, is cal- 
culated by, for V< Vo, 
1 (P-4) v 
E--Eo=~P,Wo-V)+ r(F,) . (7) 
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The first part equals the internal energy required to com- 
pact a solid from (PO, V,j to (P,, Vj, where P, is given by 
Eq. (5). The second part equals the internal energy re- 
quired for heating at constant volume V from 9, to P. 
r( V) is assumed to depend only on V, where we follow 
Refs. 15 and 16, 
V4 
r(V)=r(vfJ - . ( 1 vo (8) 
For Al, Cu, In, Fe, Pb, and NaCl, r( V,) and 4 are 
determined experimentally. I6 When no experimental val- 
ues of l? ( V,) are available r( Vo) can be derived from 
l?(v)= 
3dT)VK~(Tj 3cz(T)VKT(Tj 
C,(T) = C,(T) ’ (9) 
where a( 7’) is the thermal-expansion coefficient, KT( T) 
and Ks( Tj are the isothermal and adiabatic bulk modulus, 
and Cv( T) and Cp( Tj are the specific heats at constant 
volume and constant pressure (all at zero pressure). 
Ks( 7”) can be calculated from K,( Tj =C”/V, where C is 
the zero pressure sound velocity. When no values for 4 are 
available q can be taken to be equal to unity,‘” leading to 
only small errors in r ( V) . 
For V> V,, 
E-E,= 
PV 
C,( TM-S- r( vj . (10) 
The first term equals the internal energy required to ther- 
mally expand at constant pressure from (T,,V,) to 
(T,,V), where t stands for thermal expansion at zero pres- 
sure. The second term equals the internal energy required 
for heating at constant volume from ( T,, V) to (P, Vj . For 
many solids, over a wide temperature range, i.e., 
To < T,< 1300 K, Cp( Tj can be estimated accurately by 
C,( T) = C,( To) -t- y( T) ( T,-- ‘To). Over a wide tempera- 
ture range, i.e., To < Tt < 1300 K, a( Tj can be estimated 
accuratelybya(Tj=cr(T,j+p(T)(T-Toj.Thevolume 
V is related to the temperature T, by 
r 
In i =3a(Tu)(T,-To)+~B(T)(T,-TV)‘. 
( ) 
(113 
Since the internal energy in an arbitrary (P, V) point is 
calculated with Eqs. (7) and (lo), the particle velocity up, 
associated with these (P, Vj points, is calculated from Eq. 
(3 j. By combining Eqs. ( 1 j and (2) the shock-wave ve- 
locity is calculated. Finally, V, can be derived either from 
Eq. (1) or Eq. (2). 
Now the (P,V,E-Eo,U,)=F(up,Vm,Toj system is 
determined. The (P, V, U,) = F( Us, D, To) maps are calcu- 
lated and depicted in Figs. 4, 5, and 6, respectively. Since 
the E-E, equienergy in the up vs D maps are simply 
vertical straight lines, these are not depicted. Now the 
(P, V,E - Et1 j =F ( up, Vm, To) system is determined and P, 
V, and Us are depicted in D vs up maps. In particular, for 












0 I 2 3 
PCIrtlCle velocity lkmisi 
FIG. 4. Pressure (P) in GPA and internal energy (E-&j. As D- 1 and 
as D-0 the calculated map reveals the solid system and the highly porous 
powder system, respectively. D=O, P=O always. E-E, is independent of 
D [Eq. (3)) The model becomes less accurate due to errors in a( 13 and 
C,( Tj [dashed line). 
for D-+0 the map reveals the highly porous system. In the 
limit no material collides with the shock front surface and 
P=O (Fig. 4). 
B. Calculation of [T,Tt,~r/(E-Eo)]=f(u~,~*~,~~) 
The new numerical model proposed calculates any 
quasistatic reversible adiabat in the P, V plane and the tem- 
perature on these adiabats. Further, the model calculat.es 
the mean temperature T, the ratio between increase of 
internal thermal energy7 and the total internal energy in- 
crease ET/(E- E,), both behind the shock front, and the 
final temperature Tf after (adiabatic) pressure release. 
In principle the temperature of any point in the P, V 
plane can be calculated analytically, by making use of _____ i;.Ly<s$?+...y -_ ; :L-~~~~~ H :r , i /. ;,f ~~:/ I : i 0 ____ &!....- ‘-- ---I--- 
0 1 2 3 4 
Particle velocity (km/s1 
FIG. 5. Specific volume K D=O, the internal energy increase is fully 
transformed to thermal expansion. At D= I’( V,,)/( I-( V,) +2), all pow- 
der material is compacted to V= p<2. 
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I 2 3 4 
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FIG. 6. Shock wave velocity U, . The experimenta points on the dashed 
curves are from Ref. 13. D---O. no material is collapsing on the shockfront 
surface, so Vi= ‘t;. At uP’F, f 3.25 km/s at fixed zfo, different values of D 





and Eq. ( 11). Since CV(P,T), a( P,T), and /3(P,T) can 
only be obtained at P=O, an analyt.ical solution is not pos- 
sible. Numerically II’ and Hr/(E--Ec) can be calculated as 
follows. 
From basic thermodynamics it follows that the specific 
volume and the temperature of two points on a reversible 
adiabat are related by (see Ref. 13) 
CYK$T T(V)T 
EL--zy -- (13) 
.I’ C’P v 
or 
-6 111 T  
-.- ( ! s 111 V zzz i r ( Fe-). s1 (14) 
Therefore, for an adiabatic compression Fr and T  of stde 
points 1 and 3 (Fig. 7) are related to each other by 
($),; (;)y (15) 
Since Pi FJ) is a function of V, Vr and V, must lie close to 
each other so, that I?( FT) can be approximated by 
rl Y) = I-[( V, + V3}/2]. 
By compressing a material adiabatically, there is no 
thermal energy flux in or out the system. Therefore, in- 
creasing the adiabatic pressure results in an increase of EC 
whereas ET remains const.ant. In Fig. 7, E refers to state 
points at the equienergy curve, A refers to state points at 
the adtabat. 
State points 1 and 2 both lie on the equienergy ‘curve, 
E&E&O. (16) 
















- -- ..- “- ~~ -” ‘A-- __-.........-_ .llh ..- 
Speclf,c volume I kg/m31 
FIG. 7. Scheme for calculating the quasistatic reversible adiabat and the 
temperature on this adiabat. In this way the temperature behind the shock 
wave T  is calculated in any arbitrary (P, F’) point. 
The internal energy difference between state points 3 and 1 
equals the surface area under the adiabat [Eq. (6)]. When 
vi-- ri is small, this can be written by 
E~-E~~=q:(~~-~~)~lCg3-P,:>(V.~-V~). (17) 
Furthermore, the internal energy difference between state 
points 3 and 1 can be calculated by the Mie-Griineisen 
EOS as well, 
E&E;=Ed&!?;= 
(<&) v; 
r2( V) . 
Now from Eqs. ( 17) and ( 18) f’i is given by 
$ = W ”( v,&u+ Q+2p?EFJ~] 
A P~;-r2w)(&- v,3] * 
(18) 
(19) 
By starting at Pa=0 and choosing F’i, Tfi and E,\ can be 
calculated from Eqs. ( 10) and ( 1  1 ), respectively, taking 
P=O. By choosing F$ ,P: can be calculated from Eq. ( 19), 
Ei from Eq. (7) or Eq. (lo), zr,from Eq. (3), U,from Eq. 
( 1) together with Eq. (2), T,: from Eq. ( 15), and finally, 
V, from Eq. (1) or Eq. (2). 
In each (cl, ri ) point the ratio E,/( E- Ec) is calcu- 
lated from the ratio E,i(P=O)-E. over E;i(P=el) -Eo, 
By decreasing both Vi and F$ with a small step size of 
V$ - V.; and repeating the above calculation procedure the 
adiabat and its thermodynamic shock-wave-related vari- 
ables are calculated and illustrated in D vs up maps. T  and 
f+‘(E-E,) are displayed in Figs. 8  and 9. Figure 8 shows 
the T  map. At D=O the temperature behind the shock 
wave is roughly speaking proport.ional to 14;. Further, at 
D= 1, T  is relatively small compared to D=O material. At 
D= 1 the map shows that the adiabatic solid shock com- 
paction proc.ess is not quasistatic reversible as ET/( E-Eo) 
is not equal to zero. For D-0, all compressive energy is 
transformed to thermal energy and ET/( E-E,) = 1. 
Next, the final temperature Tf! after pressure release 
is calculated (Fig. IO), where it is assumed that all com- 
pressive or adiabatic reversible energy EC is transmitted to 
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1 2 3 4 
Fart~cle veloclty (km/s1 
FIG. 8. Temperature T behind the shock wave. At D=O, 2’ is roughly FIG. 10. Final temperature T, after quasistatic reversible adiabatic pres- 
proportional with ui. At fixed u/, , T can be the same for differtnt values sure release. At D= 1, T,> 7’. At D=O, Tj.= T, roughly proportional 
of D. Between 0.5 < D < 0.7 T attains a maximum. with ai. 
the surrounding material. The pressure decreases directly With every collision a part of the internal energy is leaking 
along the reversible adiabat to P,=O. There is no oscilla- away by microelastic shock waves through the already 
tion of the sample at the end of the release process, there- compacted material so that Eq. (3) changes to SE < :I$. 
fore ET remains constant during and after the release pro- At other places in the compacted powder this energy may 
cess. All points on the adiabat have the same Tf. If a be consumed in the form of heat or fracture. In the calcu- 
fraction of E, does transform to B, the actual Tf. is higher lation procedure no energy is leaking away, resulting in 
than calculated; therefore, Tj is a lower bound value. higher U, values.‘7 
IV. VALIDATION OF THE MODEL V. CONCLUSlONS 
U, vs up relations are calculated for Cu powder mate- 
rial and compared with experimental dat.at3 and displayed 
in Fig. 6. Material data are listed in Table I. Calculations 
agree well with experiment except for initial density, flyer 
plate velocity combinations D < 0.64, up > 2000 m/s. The 
reasan is the following: Because of the low density every 
particle oscillates many times before it finally comes at. rest. 
A new EOS has been derived for shock-wave compac- 
tion of powder material to full density. The three principal 
adjustable shock-wave parameters are flyer plate velocity, 
initial powder specific volume, and initial powder temper- 
ature. As a function of these three parameters, the follow- 
ing shock-wave parameters were calculated: the pressure, 
specific volume, internal energy, ratio of thermal int.ernal 
energy inc.rease over total internal energy increase, and 
temperature behind the shock wave. Further, the shock- 
wave velocity and the temperature of the material after 
quasistatic adiabatic pressure release were calculated. The 
model is based on the fact that when a Ayer plate impacts 
a solid or a powder material the internal energy increase 
I 0.1 I _. . . .._ -0.2 ,;;&q r- y\ 
,” as- \ w:-:: 
\ ‘. \ \ 47 ‘\ \ G : u as- ----% 
-1,. ‘1 
,. 1, ;‘- L ,” 2 L1 OJ- h\\ 
.;$,QY 
-L----- ..b;~,-c”- :I *._ 
0 \ 
\ 
--N-Y7r) ; /’ ‘\“./. F 02 - ‘\y ; ““‘y n 
1 2 3 L 
Porttclc velocity lkmlsl 
FIG. 9, Ratio between the reversible adiabatic energy E, and the total 
internal energy increase E-E,. At D= 1, Er/(E- &o) decreases until 
up= A2 km/s after which it increases. At D-O, Er/(E- E,,) equals 
unity, all EC has transformed to E,-. 
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TABLE I. Experimental data of solid copper used in the calculation of 
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behind the shock wave is the same for both the solid and 
the powder compacted material. The model shows that: 
For copper at flyer plate velocities of up > f 3500 m/s, the 
model predicts that powders of different initia1 specific vol- 
ume c8n have the same shock-wave velocity, for a given 
fyer plate velocity powders of different initial specific vol- 
ume may still bye the same temperature behind the shock 
wave, the final temperature after quasistatic adiabatic pres- 
sure release is smaller than the temperature behind the 
shock wave; and by increasing the initial powder temper- 
ature> the temperature behind the shock wave and the tem- 
perature after pressure release increase roughly by the 
same amount. 
Calculations are carried out for copper. Calculations 
agree well with experimental values except for combina- 
tions, respectively, of initial density D and flyer plate ve- 
locity D i: 0.64 and uP > 2000 m-/s. 
‘J. I?. Reaugh, J. Appl. Phys. 61, 962 ( 1987). 
‘K. H. Gh and P. A. Persson, J. Appl. Phys. 66, 4736 (1989). 
‘N. W. Page and M. K. Warpmius, Powder Technol. 61, 87 ( 1990). 
“A. P. Mann, D. I. Pullin, M. N. Maurossan, and N. W. Page, J. Appl. 
Phys. 70, 32X1 (1991). 
‘P. Boogerd (unpublished). 
‘1. C. Skidmore and E. Morris, Thermodynumics of lVucloar Materials 
(International Atomic Agency, Vienna, 1962), p. 173. 
‘S. B. Kormer, A. I. Funtikov, Y. D. Urlin, and A. N. Kolesnikova, Sov. 
Phys. JETP 15, 477 (1962). 
“Y. B. Zel’dovich and Y. P. Raiser, in Physics ofShock Wuue.s and High 
Temperature Hydrodynamic Phenomena, edited by W. D. Hayes and R. 
F. Probstein (Academic, New York, 1966), Vol. 2, p. 712. 
9T. J. Ahrens, in Afuntello e ttucleo nelia jisicu planetaria. edited by L. 
Corso, J, Coulomb, and M. Caputo (Academic, New York, 1971), p. 
157. 
‘“G. A. Simons and H. H. Legner, J. Appl. Phys. 53, 943 (1982). 
” K. H. Oh and P. A. Persson, J. Appl. Phys. 65, 3852 (1989). 
“D. K. Dijken and J. Th. M. De Hosson, J. Appl. Phys. (to be pub- 
lished). 
“L&X Shock Hugoniot Datu, edited by S. P. Marsh (University of Cal- 
ifornia Press, Berkeley, CA, 1980). 
‘-‘J. P. Poirier, Introduction to the P?+Gics of the l?artti :s interior (Canl- 
bridge University Press, Cambridge, 1991). 
“F D Stacey, B. J. Brennan, and R. D. Irvine, Geophys. Surveys 4, 189 
(hilj. 
“R. Boehlrr, J. Ramakrishnan, and G. C. Kennedy?, in High-Prexwre 
Science and Technologv edited by K. D. Timmerhaus and M. S. Barber 
(Plenum, New York, 1979). Vol. 2, p. 119. 
i’N. N. Thadhani, Adv. Mater. Manuf. Proc. 3, 493 (1988). 
” Propert& of Material at Low Temperatures, edited by V. J. Johnson 
( Pergamon, Oxford, 1961) 
l9 R Kinslow, High- F%“ciocity Impact Phenomena (Academic, New York, 
1970). 
‘0.4merican Institute of Phy.sics Handbook, edited by D. E. Gray 
(McGraw-Hill, New York, 1972). 
f. Appi. Phys., Vol. 75, No. 1, 1 January 1994 D. K. Dijken and J. Jh. M, De Hosson 209 
Downloaded 09 Oct 2006 to 129.125.25.39. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
